Recently, there is increasing interest in using butanol as a renewable component not only for gasoline but also for diesel fuels. This work investigates the effect of its concentration on diesel and biodiesel blends on the autoignition time, comparatively to equivalent blends with ethanol, in a constant-volume combustion chamber. The increase of alcohol content in diesel or biodiesel, led to an increase in autoignition times. Such increase was not linear but sharper for high alcohol contents, and was higher with ethanol than with butanol. For butanol blends, the increase in delay time was very similar when diesel or biodiesel were used. The maximum pressure during combustion decreases as the alcohol content was increased, especially in the case of ethanol, as a consequence of energy, chemical and dilution effects. However, for low ethanol or butanol concentrations, some increases in the pressure peaks were observed by a combination of compensating effects: increase in the amount of premixed combustion and increase in the flame speed. For 10% v/v alcohol blends in diesel or biodiesel, the delay times decreased as both the initial pressure and the initial temperature were increased, the latter effect being slightly higher with biodiesel compared to diesel.
Introduction
The continued depletion of oil reserves, the fluctuating but net increase in fuel prices, the new policies promoting the use of advanced biofuels and the increasingly harder restrictions on emissions for vehicle engines, have led researchers to seek new forms of energy that reduce the dependence of fossil fuels. In this sense, new fuels from waste or lignocellulosic materials or alternative production techniques appear to be able to reduce life-cycle greenhouse emissions and thus to contribute to restrain global warming.
Diesel fuels can be blended with bioalcohols as a means to introduce a renewable fraction and to provide certain oxygen content. This renewable fraction could be additional to that already included in many diesel fuels with some biodiesel content, as it is usual in many countries. Some studies, performed in different setups and under different conditions, have reported reductions in emissions of particulate matter and carbon monoxide when diesel engines operate with ethanol and butanol blends [1e4], although not unanimous trends have been reported in nitrogen oxides and unburned hydrocarbons especially at low loads [3,5e8] . The hydroxyl group of the alcohol molecule contributes to reduce soot formation and consequently particulate emissions, even more than other functional groups with similar oxygen content [9e13] . Among the alcohols to be used in diesel blends, ethanol and butanol have proved to have a significant potential to reduce life-cycle greenhouse gas emissions, as far as they can be produced from biological processes. Specifically, butanol can be produced from various methods, among which acetobutylicum fermentation (ABE) has superior interest, as far as the bio-acetone obtained as coproduct is valued as such [14] . Ndaba et al. [15] suggest that some chemical conversion routes are preferable to the conventional ABE process, because the reaction proceeds more quickly compared to the fermentation route and fewer steps are required to produce n-butanol. Zheng et al. [16] made a review on the latest advances in butanol fermentation particularly from the perspective of genetic engineering and fermentation technology.
A previous work was published about blending stability, lubricity, viscosity and cold filter plugging point as the key properties of ethanol and butanol blends (among others) with diesel fuel [17] . Additionally, among the properties affecting the combustion process, cetane number is a limiting one. Alcohols exhibit low cetane numbers, and therefore, only minor concentrations of these alcohols in the blends are recommended for use in unmodified diesel engines. The higher cetane number of butanol with respect to ethanol, together with its better miscibility, higher heating value and lower hydrophilic character, suggest that n-butanol is a better renewable component than ethanol in diesel blends [18, 19] , and consequently, its maximum concentration in diesel blends could be increased with respect to that recommended for ethanol.
Cetane number of a fuel is defined as the concentration of nhexadecane in heptamethylnonane providing the same autoignition delay as that of the fuel. However, blends of these reference fuels do not provide autoignition times proportional to their concentrations. Similarly, blends of alcohols with diesel or biodiesel blends are not expected to provide autoignition times proportional to their composition. Instead, the most reactive components (those with shorter autoignition times) contribute to shorten the autoignition time more that the least reactive ones to enlarge it [20] . Therefore, experimental autoignition studies with these blends are necessary to evaluate their autoignition behavior.
Other studies have been previously published reporting autoignition results from alcohol blends in diesel or biodiesel fuels, or surrogates, in constant-volume combustion chambers, but far from modern diesel-like injection conditions [21e23] .
The impact of ethanol and butanol concentrations on the autoignition time of diesel and biodiesel blends is analysed in this study. The effects of the initial temperature and pressure, as well as that of the equivalence ratio, are also studied for 10% alcohol blends.
Experimental procedure and fuels
The experiments were carried out in a Cetane ID510 by Herzog, which is basically a constant-volume combustion chamber, equipped with a common-rail diesel injector (operating at 1000 bar injection pressure) and with different temperature and pressure sensors: a dynamic pressure sensor to measure the chamber pressure, a static pressure sensor to correct the temperature offset of the dynamic sensor, an injection pressure sensor, an inlet air pressure sensor and two thermocouples type K for the chamber inner wall and the cooling jacket. The experimental procedure proposed in Ref. [24] was followed, and pressure signals were recorded and analysed with a diagnostic model described in Ref. [25] . Initial chamber temperature and pressure were modified by modulating the previous heating/cooling of the combustion chamber jacket and the inlet air pressure reduction from the air bottles. The amount of fuel injected was modified with the injection pulse width. Most of the tests were done with injection pulse of 2.5 ms, and thus with approximately equal injected volume. Nevertheless, the exact volume injected per pulse was calibrated for each pure fuel. In all cases, the combustion process occurred in two stages, and therefore, two different ignition delays were defined: the first was denoted as ID CF because it was associated to the cool flame stage, and the second, ID M , is associated with the main combustion. The procedure to determine these times is described in Ref. [24] .
The base fuels used for alcohol blending were diesel and biodiesel. Tests were made for blends of butanol and diesel (Bu-D), ethanol and diesel (Et-D), butanol and biodiesel (Bu-B), and ethanol and biodiesel (Et-B), at different alcohol concentrations, avoiding the use of emulsifiers. The nomenclature includes the volume percentage of alcohol in the blend. Thus, Et10-B refers to a blend of ethanol with 10% and 90% biodiesel. Table 1 shows the main properties of the four fuels used to prepare the blends. It should be noted that, despite the large differences between most of their properties, the derived cetane numbers are very similar for both diesel and biodiesel fuels, which permitted to concentrate the study on the effect of alcohols, rather than in that of the base fuels.
Diesel fuel was supplied by Repsol, and had zero oxygen content. The biodiesel fuel used was donated by Bio Oils and was produced from soybean and palm oils. Table 2 shows the methyl ester profile of the biodiesel fuel tested with indication of number of carbon atoms of the acid chain (n) and number of double bonds (db). Butanol was supplied by Green Biologics Ltd., as a member of the Consortium of ButaNexT Project (see acknowledgements). Finally, ethanol was donated by Abengoa Bioenergy.
Blends with 10% alcohol (ethanol or butanol) were selected to study the effect of the initial pressure and temperature conditions and of the equivalence ratio. This choice is based on the promotion of use of biofuels proposed by European directives 2009/28/CE [30] and 1513/2015/CE [31] , which will lead to a scenario where transport fuels will include 10% of advanced biofuels in 2020.
Results and discusion

Effect of alcohol content
The resulting values for ID CF and ID M and pressure peaks are listed in Table 3 for all tests. Also, standard deviations from the 15 cycles recorded for each blend are included for all the results presented hereinafter. In all cases they are small with respect to the variations found, proving the significance of the trends discussed. In this table, the equivalence ratio (defined as the ratio between the actual mass fuel/air ratio and the stoichiometric one, and denoted as relative F/A) is also listed for each test. As expected based on the cetane numbers, increasing the alcohol content always led to a significant increase in both ID CF and ID M as shown in Fig. 1 , where the average pressure trace obtained from 15 individual pressure signals are displayed for each blend. Logarithmic scale is used in the horizontal axis for a better discrimination of pressure signals with low alcohol contents. The trends in both ignition delays are better observed in Fig. 2 . Such an increase was not linear with the alcohol content, but was sharper at high alcohol contents, which is in agreement with other studies [3, 9] . In the case of ethanol-diesel blends, no experimental results were obtained from 15% to 65% ethanol content, due to the weak miscibility of blends within this range, where emulsifiers would be necessary at room temperature. No tests could be done for higher ethanol contents because they resulted in delay times higher than 120 ms, which are the maximum data acquisition window. The result shown for Et65-D blend was obtained after heating the mixture up to 40 C to reach enough miscibility. Fig. 2c ) and d) shows the same information as a) and b), respectively, at concentrations under 25%. For butanol blends, the increase in delay time was very similar when diesel or biodiesel were used in the blends. For the same alcohol content, the increase in ignition delay was always higher for ethanol than for butanol blends, consistently with the lower cetane number of ethanol. Two factors contribute to this trend: a) the lower carbon number of ethanol with respect to butanol and b) the lower equivalence ratio of the mixture of ethanol blends and air with respect to the corresponding butanol blends (see Table 3 ). If the delay time ID M is compared for blend Et65-D and for net butanol (both with 0.28 equivalence ratio), it can be observed that the delay time for the ethanol blend is still much larger than that for butanol, proving that differences in equivalence ratio did not affect the observed trends in ID M . It is also noticeable that, from a certain alcohol content onwards, the differences between ethanol and butanol blends were magnified when alcohols were blended with diesel fuel, whereas they were minimized when they were blended with biodiesel fuel. Another interesting observation is that, despite the similar cetane numbers of diesel and biodiesel fuels, alcohols (but especially ethanol) enlarge the delay time more when blended with diesel than when blended with biodiesel fuel. This cannot be explained based on the equivalence ratio, since it is higher in the case of diesel blends. Some divergence with respect to the cetane number trend was also observed in diesel engines when 15% alcohol was blended with diesel and biodiesel fuels [32] . In general, similar trends can be observed for both ID CF and ID M and thus, the former will not be presented in the following sections.
As shown in Fig. 3 , the pressure peaks in the combustion chamber were observed to decrease as the alcohol content increased. This decrease can be explained by a three-fold effect. First, the heat release is reduced as the alcohol content is increased due to the reduced heating value (energy effect). This effect also includes the cooling effect from evaporation, which is higher for higher alcohol contents, due to their higher enthalpy of vaporization (see Table 1 ). Second, the blend is burned under leaner conditions since it requires less air-oxygen to react with the mass of fuel injected due to its increased bond-oxygen content (chemical effect). Third, the gaseous fuel is more and more diluted because the autoignition time is larger (dilution effect), thus reducing the local equivalence ratio and making the combustion leaner. Both chemical and dilution effects contribute to reduce the flame velocity, and thus to enhance the heat transfer to the chamber walls during combustion. All three effects (energy effect, chemical effect and dilution effect) are more important in the case of ethanol blends than in the case of butanol blends. However, for low ethanol and butanol contents, some increases in the pressure peaks were observed (up to 15% butanol content and up to 5% ethanol content). These increases can be explained because the increase in the amount of premixed gaseous fuel-air mixture before combustion and the increase of the flame speed derived from the presence of alcohols in the blends (as proved in Ref. [33] ) are more significant than the reduction in the heating value when the alcohol is added. Further alcohol concentrations led to progressive reductions of the pressure peaks, as a consequence of the above mentioned energy, chemical and dilution effects.
With respect to the pressure peaks observed for pure diesel and biodiesel fuels, the above decribed increase in pressure peaks is more relevant for butanol than for ethanol blends probably due to the higher heat of vaporization of ethanol (see Table 1 ), which reduces slightly the initial temperature and pressure. However, this is contrary to the higher increase in pressure peaks found with ethanol/biodiesel blends with respect to butanol/biodiesel blends [23] . In the present study, the highest increases in peak pressure are observed for n-butanol/diesel blends. For these blends, the range of butanol contents leading to some increases in the pressure peaks is extended to around 38% in volume. This effect can be confirmed in diesel engine tests, such as those carried out by Huang et al., who tested blends of 30% butanol with diesel fuel with no biodiesel content [34] .
Effect of initial temperature
A comparison between the ignition delay times of blends Bu10-D, Et10-D, Bu10-B and Et10-B is shown in Fig. 4 . Trends for ignition delay times are very similar for the four blends. In all cases, the delay times decreased as the initial temperature was increased, thus proving that there is no negative temperature coefficient in this range of temperature at this initial pressure. Again in this case increasing the initial temperature reduces the mass of air enclosed in the combustion chamber thus increasing slightly the equivalence ratio (see Table 3 ), which may have some contribution to the decreases in delay time. However, it can be noticed that for biodiesel blends (whose ID were initially slightly higher than those for diesel blends), when the initial temperature was increased, the reduction of ID M was higher. This effect can be explained because at low temperatures, the physical properties of biodiesel (higher density, viscosity and boiling point) slow down the atomization and evaporation processes, which affect the mixing of the air and fuel vapors. This makes the contribution of the physical processes to the autoignition delay (which is basically associated with the chemical kinetics) more important than in the case of diesel blends. Furthermore, as the temperature increases, the contribution of the physical processes becomes negligible in front of the reaction mechanisms regardless the base fuel used.
Effect of initial pressure
Fig . 5 shows (in black lines) that autoignition delay times increase with decreasing initial pressure, for the same 10% blends as in the previous study, as expected. The same trend can be observed for all four blends, and no differences in increasing rates can be clearly distinguished between them. In this case, differently to the previous studies with varying alcohol content and initial temperature, initial pressure variations involve significant changes in equivalence ratios (see Table 3 ). Tests at 21, 16, 11 and 9 bar implied lean mixtures, with equivalence ratios around 0.35, 0.46, 0.7 and 0.83 respectively, whereas tests at 6 bar led to rich mixtures with equivalence ratios around 1.25. For this reason, additional tests were made at 6, 9, 11 and 16 bar (with results shown in gray lines) reducing the injection duration (and thus the injected fuel mass) to ensure that the equivalence ratios remained equal to those of tests made at 21 bar (around 0.35). These additional results (see also Table 3 ) permitted to evaluate the effect of the initial pressure independently of the equivalence ratio. Ignition delay times for equal equivalence ratios increase exponentially with decreasing pressure, with exponents around À1.84 in the case of diesel blends, and around À1.39 in the case of biodiesel blends, with minor effect of the alcohol blended. These pressure exponents are not far from other pressure exponents proposed in the literature for diesel [35] and biodiesel [36] fuels. Since the initial temperature in these tests was 602.5 C, biodiesel blends showed shorter delay times than diesel blends, consistently with the results discussed in the previous subsection. In all cases (diesel and biodiesel blends with ethanol or butanol), when the excess air (which acts as a heat absorber) is reduced or even eliminated (black lines) ignition delays become shorter, compensating partially the effect of the decreasing pressure.
These results, together with the above described effect of the initial temperature imply that the initial thermodynamic conditions affect differently the chemical kinetics of diesel fuels (typically composed of paraffins, naphtenes and aromatics) and biodiesel fuels (methyl esters), despite their similar cetane numbers. However, they have only minor effects on the kinetics of alcohols with different carbon numbers, despite their different cetane numbers.
Conclusions
The following conclusions can be drawn from the present study:
The increase in alcohol content in diesel or biodiesel fuels always led to an increase in both ID CF and ID M . Such an increase was sharper at high alcohol contents. This implies that weight or volume averaging of autoignition parameters (such as cetane number) is not an accurate method to predict the autoignition behaviour of alcohol blends. The increase in the delay time with the ethanol content is more prominent than for butanol, consistently with its lower cetane number. However, the differences in autoignition time become more visible when these alcohols are blended with diesel fuel whereas they become less significant when they are blended with biodiesel fuel (at least for high alcohol contents). For butanol blends, the increase in autoignition delay time is very similar when diesel or biodiesel (with similar cetane numbers) were used in the blends. However, some differences appear when ethanol is blended with diesel or biodiesel fuels, with larger delay times in the former case. The maximum pressure in the combustion chamber was observed to decrease as the alcohol content was increased, especially in the case of ethanol, as a consequence of the reduced heating value, of the reduced equivalence ratio and of the over-dilution caused by their large delay times. Some increases in the pressure peaks were observed in a narrow range of low ethanol and butanol contents (especially in butanol blends), probably due to a combination of effects which compensate the above mentioned effects: increase in the amount of premixed combustion and increase in the flame speed derived from the presence of alcohols in the blends. For blends with 10% v/v alcohol and 90% diesel (or biodiesel), the autoignition delay times decrease as the temperature increases. This effect is slightly more prominent for biodiesel than for diesel fuel, as a consequence of the physical properties of biodiesel (mainly higher viscosity and higher boiling point) which lead to some contribution of the physical delay especially at moderate temperatures.
For blends with 10% v/v alcohol, the autoignition delay times increase exponentially as the pressure is decreased (for equal equivalence ratio). The fitting exponents are similar for both alcohols, but higher for diesel blends than for biodiesel ones. However, such increase is partly compensated by the increase in equivalence ratio. 
